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1.  INTRODUCTION 


This  report  sununarlzes  a joint  effort  by  the  Aerospace 
Medical  Research  Laboratory  (AMRL)  and  Bolt  Beranek  and  Nevnnan 
Inc.  (BBN)  to  explore  biomechanical  response  and  tracking  per- 
formance in  various  vibration  environments.  This  effort  was 
conducted  as  part  of  the  long-range  AMRL  study  program  to  obtain 
performance  data  and  develop  models  for  human  performance  in 
vibration  environments.  Recent  studies  pertinent  to  this  program 
have  explorea  the  nature  of  biomechanical  response  and  the  inter- 
actions between  tracking,  vibration,  and  control-stick  parameters 
[1-4]. 


The  study  reported  here  had  two  primary  objectives!  (1)  to 
obtain  basic  biomechanical  response  and  tracking  performance  data 
for  whole-body  vibration  applied  individually  or  in  combination 
along  the  six  translational  and  rotational  axes,  and  (2)  to 
implement  a computerized  model  (to  operate  on  a CDC-6600  digital 
computer)  that  is  capable  of  predicting  biodynamic  response  and 
tracking  performance  in  various  vibration  environments.  This 
report  reviews  the  results  of  the  experimental  study  and 
consequent  model  development;  details  of  the  computer  model  are 
given  in  a companion  document  [5]. 

Recent  AMRL/BBN  study  programs,  exploring  Z-axis  vibration 
inputs  only,  have  yielded  the  following  conclusions: 

1 . Shoulder  and  head  response  to  platform  vibration  is 
independent  of  control-stick  parameters,  whereas  the 
portion  of  control  response  linearly  correlated  with 
the  vibration  input  ("stick  feedthrough")  depends 
strongly  on  stick  parameters. 
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2.  Stick  location  has  no  significant  effect  on  rms 
tracking  error  score  or  on  biomechanical  response. 

3.  Stick  feedthrough  can  be  represented  analytically 
by  an  impedance  model  that  includes  the  stick 
impedance  plus  two  impedance  functions/  independent 
of  stick  design,  that  account  for  biodynamic 
response  behavior. 

4.  Biomechanical  respon.se  mechanisms  are  essentially 
linear  for  the  range  of  vibration  amplitudes  and 
spectra  explored  in  these  studies. 

5.  Vibration  degrades  tracking  performance  largely  by 
interfering  with  basic  pilot  information-processing 
capabilities;  stick  feedthrough  typically  has  a 
secondary  effect.  Visual  effects  appear  to  have 
been  of  minor  consequence.  In  terms  of  the  pilot/ 
vehicle  model  used  in  these  studies,  the  important 
effects  appear  to  be  an  increase  in  motor  related 
sources  of  randomness  in  the  pilot's  response  plus 
an  increase  in  the  pilot's  time  delay.  A 

recent  study  [4]  indicated  that  motor  noise/signal 
ratio  and  time  delay  increased  linearly  with  rms 
shoulder  acceleration . 

The  results  of  this  study  extend  the  results  of  earlier 
studies  by  providing  data  relevant  to  vibration  along  axes  other 
than  the  Z-axis.  Previous  conclusions  are  only  partially  con- 
firmed. The  effects  of  vibration  on  tracking  performance  are 
again  largely  represented  by  changes  in  model  parameters  related 
to  pilot  randomness  and  time  delay.  The  relationship  between 
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these  parameters  and  biodynamlc  response  found  in  the  previous 
study  must  be  modified,  however,  to  provide  a consistent  explana- 
tion of  tracking  performance.  Specifically,  if  time  delay  and 
motor  noise  variance  are  allowed  to  vary  linearly  with  rms 
shoulder  acceleration  and  inversely  with  rms  control  force, 
tracking  data  from  a number  of  studies  can  be  accounted  for  with 
a single  set  of  independent  model  parameters.  As  in  previous 
studies,  biodynamic  response  to  Z-axis  platform  vibration  is 
independent  of  control-stick  design  parameters.  For  other 
axes  of  vibration,  statistically  significant  differences  in 
biodynamic  response  accompany  changes  in  stick  parameters. 
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2.  DESCRIPTION  OF  EXPERIMENT 


2.1  Overview 

The  experimental  portion  of  thJ a investigation  was  devoted  to 
the  experimental  design  and  data  ccl'.ection  necessary  to  provide 
performance  and  vibration  data  suitable  for  analysis.  The  objective 
of  the  investigation  was  to  determine  the  effect  of  rotational  and 
combined-axis  vibration  on  tracking  performance.  In  the  test 
situation,  the  subject (s)  performed  a one-dimensional  compensatory 
tracking  task  while  seated  on  the  Sixmode  shake  table  in  an  upright 
position.  Also  located  on  the  vibration  table  were  the  control 
stick  and  CRT  f'isplay.  The  main  experimental  variable  was  the 
direction  of  vibration  input.  Both  biodynamic  and  performance 
responses  wer.;  investigated. 

2.2  Trackir.g  Task  Implementation 

The  single  axis  tracking  task  required  compensatory  tracking 
to  keep  a disulayed  dot  centered  vertically  on  a CRT.  A simplified 
schematic  of  the  control  loop  is  shown  in  Figure  1. 

The  tj-acking  (e.g.,  plant  disturbance)  input  consisted  of 
a sum  of  fiV3  sinusoids  with  component  frequencies  of  .502,  1.256, 
3.015,  6.28  and  10.46  rad/sec.  The  amplitudes  were  selected  to 
approximate  a first-order  noise  process  having  a brea’.  frequency 
at  2 rad/sec.  This  tracking  input  was  summed  with  the  pilot's 
control  input  to  form  a manipulative  signal  to  the  plant  which 
is  represent(id  by  the  pot-integrator  combination  (e.g.,  4/S 
dynamics) . The  plant  output,  e,  was  then  attenuated  so  that  one 
volt  produced  a 0.38  inch  displacement  of  the  displayed  tracking 
target  (dot)  from  the  center  of  the  CRT  (cross-hairs) . Both 
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horizontal  "i  11"  (side-to-side  motion  of  dot)  and  vertical  "pitch"  (up- 
down  motion  of  dot)  tracking  tasks  were  employed  in  different  experi- 
mental conditions, bu t the  combined  task  (e.g.,  two  dimensional 
tracking)  was  not  used.  The  tracking  subject  attempted  to  keep 
the  dot  centered  by  means  of  a side-mounted  control  stick.  In 
the  horizontal  tracking  task,  right  and  left  motion  of  the  stick 
produced  right  and  left  motion  of  the  dot,  respectively.  In  the 
vertical  tracking  task,  forward  and  backward  motion  of  the  stick 
produced  downward  and  upward  motion  of  the  dot,  respectively. 

In  the  experiment,  both  a "stiff  stick"  and  "spring  stick"  were 
used.  Table  1 summarizes  the  control  stick  parameters. 

2.3  Vibration  Environment 

The  vibration  environment  was  supplied  by  a large  amplitude 
multi-degree  of  freedom  hydraulic  vibration  table  named  the  Sixmode. 
It  has  six  degrees  of  motion  including  X,  Y,  Z,  roll,  pitch  and 
yaw.  This  table  has  a payload  capacity  of  1,000  lbs.  and  is 
capable  of  sinusoidal,  sum  of  sines  and  random  vibration.  The 
experiment  used  a sum  of  five  sines  vibration  with  equal  accelera- 
tion at  2,  3.3,  5,  7 and  10  hertz.  The  rms  level  of  table 
acceleration  was  no  greater  than  0.25g  and  had  a crest  factor  of 
3 giving  the  subject  a maximum  peak  acceleration  of  no  more  than 
Ig  depending  on  how  the  sines  added  together. 

The  vibration  environment  was  manipualted  by  changing  the 
direction  of  application.  The  six  vibration  directions  used  were 
Z-axis  (e.g.,  vertical  for  upright,  seated  subject),  roll  (R) , 
pitch  (P) , yaw,  X-axis  (chest-back)  + pitch,  and  Y-axis  (lateral) 

+ roll.  With  regard  to  the  combined  modes  of  X+pitch  and  Y+roll, 
only  the  linear  axis  was  driven  directly.  That  is,  when  the 
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Control  Stick 


K 

c 


Parameter 

Electrical  gain,  volts/pound 
Electrical  gain,  volts/inch 
Spring  gradient,  pounds/inch 
Stick  damping,  pounds/ (inch/sec) 
Stick  mass,  pounds 


Stiff 

Spring 

0.9 

0.333 

117 

2.5 

130 

7.0 

.0103 

.027 

0.7 

0.7 

shaketable  was  driven  in  the  X-axis#  the  pitch  motion  was  produced 
by  cross-coupling  between  the  driving  actuators.  Similarly,  "free" 
roll  was  produced  when  the  table  was  driven  in  the  Y-axis.  Because 
these  "free"  rotational  modes  were  not  directly  driven  the 
acceleration  spectrums  were  not  as  flat  (e.g.,  there  was  more 
energy  in  the  10  Hz  region)  as  the  linear  mode  in  the  combination. 

Average  rms  platform  accelerations  measured  during  the 
experiments  are  given  in  Table  2a.  The  input  was  relatively 
"pure"  for  Z-axis  translational  vibration  and  for  the  three 
rotational-axis  conditions;  that  is,  vibration  power  in  the 
nominal  axis  was  clearly  dominant  over  power  in  the  rem? ining 
axes.  As  noted  above,  X-  and  Y-axis  vibrations  were  accompanied 
by  a significant  amount  of  rotational-axis  vibration. 

Table  2b  shows  that  the  power  spectra  for  the  translational 
axes  were  quite  flat,  as  was  the  spectrum  for  yaw-axis  platform 
vibration.*  Roll  and  pitch  vibration  inputs  showed  resonance 
behavior  in  the  vicinity  of  7 Hz.  Because  of  the  Rixmode 
elastomeric  coupler  resonances,  the  Y-  and  yaw-axis  platform 
vibration  also  contained  substantial  power  in  the  vicinity  of 
14  Hz  (not  shown  in  Table  2) , even  though  no  electrical  input 
was  provided  at  this  frequency  to  the  platform  drive  system. 

Transfer  functions  relating  rotational-axis  cross-coupling 
to  primary-axis  vibration  are  shown  in  Table  2c.  Both  roll/Y  and 
pitch/X  couplings  show  a sharp  increase  with  frequency.  Thus,  in 
the  case  of  nominal  X and  Y platform  vibration,  biomechanical 
response  was  doiainated  by  the  primary  translational  vibration 
input  at  lower  frequencies  and  by  the  coupled  rotational  inputs 
at  higher  frequencies. 

2 

*0  dB  = 1 g for  translational  acceleration,  1 rad/sec  for 

rotational  acceleration. 
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t Table  2 

Platform  Acceleration  Parameters 


c)  Relation  Between  Secondary  and  Primary  \/ibration  j 

I 


I 2 

I *Translational  acceleration  in  g,  rotational  acceleration  in  rad/sec  . 
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Frequency 

Roll/y 

Pitch/X 

Hz 

rad/sec 

Gain 

Phase 

Gain 

Phase 

(dB) 

(deg) 

(dB) 

(deg) 

2 

12.5 

-1.9 

-5 

-1.1 

2 

3.3 

21 

2.2 

-10 

5.6 

-7 

5 

31 

8.9 

-9 

13.0 

-20 

7 

44 

18.8 

-18 

22.1 

-51 

10 

63 

25.3 

-147 

22.4 

-153 

2.4  Experimental  Plan  and  Data  Collection 


Twelve  members  of  the  hazardous  duty  panel  were  used  as 
subjects  in  the  experiment.  Prior  to  the  formal  sessions,  both 
static  and  vibration  training  sessions  were  used  to  establish 
baseline  tracking  performance  for  all  subjects  in  all  experimental 
conditions . 

Table  3 identifies  the  nine  experimental  conditions  in 
terms  of  the  vibration  modes  and  tracking  tasks.  Including  the 
static  run,  each  condition  is  characterized  by  four  runs  and  either 
the  pitch  or  roll  tracking  task.  Each  individual  tracking  run 
lasted  two  minutes.  The  formal  data  collection  sessions  were 
conducted  over  a six-day  period.  Table  4 shows  the  order  in 
which  these  experimental  conditions  were  presented  to  the  12 
subjects . 

All  data  was  collected  on  14-channel  magnetic  (FM)  tape  for 
subsequent  analysis.  Table  5 lists  the  four  channels  of  per- 
formance data  and  10  channels  of  acceleration  data.  The  only  body 
accelerations  measured  were  at  the  shoulder  and  elbow.  A triaxial 
accelerometer  was  taped  to  the  top  of  the  shoulder  and  oriented 
to  respond  to  X,  Y,  and  Z motion,  with  respect  to  the  conventional 
body  coordinate  system.  A linear  accelerometer  was  taped  to  the 
elbow  and  alined  to  sense  lateral  arm  motion  (Y-axis) . 

2.5  Analysis  Procedures 

2.5.1  Performance  Scores 

Standard  deviation  scores  were  computed  for  all  important 
tracking  and  biodynamic  variables.  These  scores  were  computed 
over  a 100-second  measurement  interval  that  commenced  approximately 
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Table  3 


Experimental  Conditions 


X + P 


X + P 


X + P 


Static 
"Pitch  Task" 


Static 


"Pitch  Task" 


Static 
"Pitch  Task" 


Static 


Y + R 


Y + R 


Y + R 


Static 


Static 


"Pitch  Task" 


"Pitch  Task" 


"Pitch  Task" 


Y + R 


Static 


Static 


Y + R 


Y + R 
Static 


"Roll  Task" 


"Roll  Task" 


"Roll  Task" 


NOTE:  The  vibration  conditions  for  training  runs  will  consist  of 
(Z,  R,  P,  Yaw,  X + P,  Y + R)  with  the  pitch  task  and 
(R,  Yaw,  Y + R)  with  the  roll  task. 
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Table  4 


Presentation  of  Excerimental  Conditions 
— = . 


Subject 

1 

5 

6 

7 

8 

9 

10 

A1 

C2 

B1 

A2 

Cl 

B2 

2 

B2 

Cl 

A2 

B1 

C2 

A1 

3 

C3 

B3 

A3 

C3 

B3 

A3 

4 

A3 

B1 

C3 

A1 

B3 

a 

5 

B1 

A2 

Cl 

B2 

A1 

C2 

6 

C2 

A3 

B2 

C3 

A2 

B3 

7 

A3 

Cl 

B3 

A1 

C3 

B1 

8 

B1 

C2 

A1 

B2 

Cl 

A2 

9 

C2 

B3 

A2 

C3 

B2 

A3 

10 

A3 

B1 

C3 

A1 

B3 

Cl 

11 

B1 

A2 

Cl 

B2 

A1 

C2 

12 

C2 

A3 

B2 

C3 

A2 

B3 
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Table  5 

Tape  Channel  Identification 


Channel 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 


Description 
Tracking  Input(i) 

Stick  Signal (c) 

Plant  Input(ni) 

Error{e) 

Elbow  Y'Acceleration 
Shoulder  Triax,  X-Acceleration 
Shoulder  Triax,  Y-Acceleration 
Shoulder  Triax,  2-Acceleration 
Table,  Roll-Acceleration 
Table,  Pitch-Acceleration 
Table,  Yaw-Acceleration 
Table,  X-Acceleration 
Table,  Y-Acceleration 
Table,  Z-Acceleration 
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15  seconds  after  initiation  of  the  experimental  trial.  As  all 
variables  had  eFiscntially  zero  mean,  we  shall  use  the  term  "rms 
performance  score"  in  the  remainder  of  this  report  to  signify 
the  standard  deviation  score. 

T- tests  were  performed  on  paired  difference  scores  to 
determine  the  statistical  significance  of  experimental  factors 
on  performance. 

2.5.2  Frequency-Response  Measures 

Power  spectra  were  computed  using  fast-Pourier  transform 
techniques.  Spectra  were  computed  from  data  covering  a 100- 
second  measurement  interval  coincident  with  the  interval  used 
in  computing  rms  performance  scores.  Spectra  were  separated 
into  input-correlated  and  rennant-related  components  using  the 
techniques  employed  in  the  previous  study  [4]  . 

Pilot  and  biodynamic  describing  functions  were  computed  as 
described  previously  [4]  were  averaged  across  the  experi- 

mental subjects  for  presentation  in  this  report.  Pilot  describing 
functions,  which  showed  relatively  little  variation  across  subjects, 
were  processed  by  averaging  the  amplitude  ratios  and  phase  shifts. 
Biodynamic  describing  functions,  which  tended  to  oe  more  indi- 
vidualistic, were  converted  to  real  and  imaginary  parts  for 
averaging.  Average  response  was  then  transformed  to  amplitude 
ratio  and  phase  shift  for  presentation. 

Because  of  the  xotational-axis  vibration  input  accompanying 
nominal  X-  and  Y-axis  platform  vibration,  describing  functions 
computed  directly  from  the  Fourier  transforms  had  to  be  "corrected" 
to  determine  the  describing  functions  relating  to  the  translational 
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vibration  input  alone.  The  correction  scheme  for  relating  some 
variable  "m"  (control,  shoulder,  or  elbow)  to  the  Y vibration 
input  is  shown  in  .figure  2.  The  describing  function  (M/Y)  is  the 
transmissibility  relating  "m"  to  the  Y-axis  input  alone.  T is 
the  relation  between  M and  Y that  is  obtained  directly  from  the 
measurements  (which  is  confounded  Ly  the  response  to  the  coupled 
roll  and  yaw  axes) . (ROLL/Y)  and  (YAW/Y)  are  the  transfer 
functions  relating  roll  and  yaw  inputs  to  the  nominal  Y-axis 
input  and  are  measured  in  the  same  experimental  trials  > s T. 

The  describing  functions  (M/ROLL)  and  (M/YAW)  must  be  obtained 
in  experiments  in  which  roll  and  yaw,  respectively,  are  the  only 
significant  vibration  inputs.  The  scheme  for  computing  X-related 
transmissibility  is  similar  to  that  shown  in  Ficr'ire  2,  except 
that  pitch  vibration  is  the  only  rotational  pi?-’  .orm  input  coupled 
to  the  X-axis  input. 


*The  assumption  is  made  that  the  biodynamic  response  to  roll 
(or  yaw)  vibration  in  the  combined-axis  vibration  environment 
is  the  same  as  the  response  to  roll  (or  yaw)  platform  vibration 
alone.  That  is,  we  assume  that  these  response  mechanisms  are 
essentially  linear  and  that  the  various  responses  are  additive 
in  the  combined-axis  situation.  A recent  study  of  biodynamic 
response  to  Z-axis  vibration  suggests  that  the  magnitudes  of 
the  body  and  limb  accelerations  induced  in  the  subject  study 
were  within  the  linear  range  of  biodynamic  response  [4], 
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Figure  2 


Yaw 


M 


M 


7 — ( f ^ ) , ( Jl_ ) __  ( ) • ( .JH-,  ) 

' Y ^ ' Roll  ^ ' Y ' ' Yaw  ' 


T - Describing  function  relating  M to  Y obtained 
directly  from  measurements 


Procedure  for  Computing  Transfers  Related  to 
Y-Axis  Platform  Vibration 


3.  EXPERIMENTAL  RESULTS 


Principal  experimental  results  are  presented  in  this 
section.  Except  where  noted,  all  results  represent  average 
behavior  of  the  experimental  subjects.  Discussed  in  order  are 
biodynamic  response,  tracking  behavior,  and  model  analysis. 
Supplemental  data  are  contained  in  the  Appendix. 

3.1  Biodynamic  Response 

3.1.1  Rms  Acceleration  Scores 

Rms  shoulder  accelerations  for  the  three  translational 
response  axes,  along  with  total  rms  shoulder  acceleration*,  are 
shown  in  Figure  3 for  the  six  vibration  conditions.  Data  are 
given  for  the  pitch  tracking  task  and  have  been  averaged  across 
stiff-stick  and  spring-stick  conditions.  Rms  scores  for  shoulder 
and  elbow  response  are  tabulated  separately  for  the  two  stick 
configurations  and  for  the  two  axes  of  tracking  in  Table  A1  of 
the  Appendix, 

The  magnitude  of  the  shoulder  response  was  considerably 
different  for  the  various  vibration  inputs.  The  response  to 
X+pitch  vibration  was  over  three  times  as  great  as  the  response 
to  Y+roll  vibration  (total  response) , with  the  response  to 
Z vibration  roughly  midway  between  the  two.  The  differential 
effects  of  rotational  vibration  inputs  were  even  greater,  with 
the  response  to  pitch  inputs  about  six  times  as  great  as  the 
response  to  yaw. 

♦Total  rms  response  was  computed  as  the  square  root  of  the  sum 
of  the  mean  squared  response  scores  in  the  X,  Y,  and  Z axes. 


17 


SHOULDER  ACCELERATJ 


0.6 


# Total 
O X-Ax(» 
O Y-Aitit 
A 2-A*lt 


» 

X 


AXIS  OF  PLATFORM  VIBRATION 


Figure  3.  Rms  shoulder  Acceleration 
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^ a 


The  X+pitch/  pitch,  and  yaw  vibration  conditions  induced 
shoulder  motion  largely  in  the  axis  of  expected  response  (i.e., 
the  X shoulder  axis  for  these  three  vibration  inputs,  as  well  as 
Y-axis  response  to  yaw  inputs) . Considerable  cross-coupling  was 
evident  in  the  remaining  vibration  conditions.  Y-,  Z-,  and  roll- 
axis  platform  vibration  all  induced  a sizeable  X--axis  shoulder 
response.  In  addition,  the  Y-directed  response  dominated  when 
the  platform  was  vibrated  in  the  Z-axis. 

In  general,  the  degree  of  correlation  between  platform 
vibration  and  shoulder  response  appears  to  be  in  the  axes  of 
direct  coupling.  For  example,  the  fractions  of  response  power 
correlated  with  the  Z-axis  vibration  input  were  0.55,  0.57,  and 
0.89  for  the  X-,  Y-,  and  Z-axis  response  measurements.  Bio- 
dynamic describing  functions  (shown  later  in  this  section) 
support  this  hypothesis. 

Although  the  data  shown  in  Figure  3 have  been  averaged 
across  stick  configurations  for  convenience,  stick  configuration 
significantly  influenced  rms  shoulder  acceleration.  Table  6 
shows  that  stick  configuration  had  a significant*  effect  on 
shoulder  response  in  about  one-third  of  the  response  situations. 
That  is,  if  we  consider  the  four  response  variables  shown  in 
Table  6,  the  six  vibration  conditions,  and  the  two  axes  of 
tracking,  there  are  a total  of  3)  situations  in  which  we  can 
explore  the  effects  of  stick  configuration  on  biodynamic  response 
(the  combined  entries  of  Tables  6a  end  6b) . In  13  of  these 
situations,  the  rms  average  acceleration  score  measured  when  the 

*Differences  significant  at  the  0.05  significance  level  or  lower 
are  considered  "significant". 
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Table  6 


! Results  of  T-Tests  on  Rms  Acceleration  Scores 

£ 


Vibration 

Significance  Level 

Condition 

Shoulder-X  I Shoulder-Y  | Shoulder- Z 

Elbow 

. a) 

Effect  of  Stick  Configuration,  Pitch  Task 

X 

.05 

.05 

- 

- 

Y 

7 

.001 

.05 

.05 

Roll 

.01 

- 

- 

Pitch 

.01 

.05 

- 

- 

f 

t 

Yaw 

— 

.05 

.05 

■ 

^ 

Effect  of  Stick  Configuration,  Roll  Task 

) 

, 

Y 

- 

- 

.01 

- 

1 

1 

Roll 

- 

- 

- 

- 

\ 

1 

Yaw 

.05 



- 

.01 

- 

c) 

Effect  of  Tracking  Axis,  Stiff  Stick 

s 

Y 

- 

.01 

- 

- 

j 

Roll 

- 

- 

- 

- 

t 

! 

Yaw 

— 

- 

- 

- 

1 

\ , ^ 

Effect  of  Trac 

king  Axis,  Spring  Stick 

Y 

- 

.01 

- 

.01 

Roll 

- 

- 

- 

Yaw 

- 

- 

- 

- 

20 


subjects  tracked  with  the  stiff  differed  significantly  from  the 
corresponding  score  obtained  when  tracking  was  done  with  the 
spring  stick.  In  only  3 out  of  24  cases  (combined  entries  of 
Table  6c  and  6d)  was  the  rms  acceleration  score  significantly 
dependent  on  whether  pitch  or  roll  was  tracked. 

Y-axis  and  total  rms  shoulder  acceleration  are  shown  for 
the  two  stick  configurations  for  the  pitch  tracking  task  in 
Figure  4.  Accelerations  were  greater  for  the  stiff  stick  for 
all  but  the  Z-axis  vibration  condition.  Accelerations  were 
slightly  greater  for  the  spring  stick  configuration  in  t)*.-? 
Z-axis  case  but,  as  found  in  previous  studies  [3,4  ] , these 
differences  were  not  statistically  significant.  Apparently, 
for  vibration  inputs  not  along  the  Z-axis,  the  mechanical 
loading  of  the  stick  is  an  important  component  of  the  overall 
biodynamic  response  system. 


3.1.2  Stick  Feedthrough 


- Describing  functions  relating  control  input  to  platform 
vibration  were  transformed  to  yield  the  following  impedance  model 
for  stick  feedthrough; 


C 


V 


ZT 

ZO+ZS 


K. 


a 


P 


(1) 


where 

a 

P 

K 

e 

ZT 

ZO 

ZS 


= response  of  control  stick  to  platform  vibration  due 
to  direct  biomechanical  coupling  (volts) 

= platform  acceleration  (g) 

= control  gain  (volts/inch) 

= feedthrough  transfer  impedance  (pounds/g) 

= feedthrough  output  impedance  (pounds/inch) 

= stick  impedance  (pounds/inch) 


This  model  is  a frequency-domain  representation;  the  argument  (jw) 
has  been  omitted  for  notational  convenience. 
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AXIS  OF  PLATFORM  VIBRATION 

Figure  4.  Effect  of  Stick  Configuration  on  Rms  Shoulder 
Acceleration 
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Ideally,  the  impedance  functions  ZT  and  ZO  represent  bio- 
mechanical properties  of  the  man  and  the  man/platform  interface 
that  are  independent  of  control-stick  parameters.  ZT  represents 
the  force  that  would  be  imparted  to  an  isometric  control  task, 
whereas  ZO  represents  tne  ratio  of  this  force  to  the  displacement 
that  would  be  imparted  to  a completely  free-moving  stick.  An 
earlier  study  of  the  interaction  between  control-stick  parameters 
and  biomechanical  response  indicates  that  this  is  a workable 
assumption  for  Z-axis  vibration.  In  the  absence  of  data  either 
supportive  or  adverse,  we  have  extended  this  assumption  to  other 
axes  of  vibration.  4 

Control/platform  describing  functions  are  tabulated  in 
Table  A2  of  the  Appendix;  impedance  parameters  derived  from 
these  data  are  given  in  Table  A3.  Impedance  models  for  selected 
experimental  conditions  are  diagrammed  in  Figures  5 through  10. 

Figure  5 shows  that  impedance  functions  relating  fore-aft 
control  motions  to  translational  platform  vibration  have  similar 
variations  with  frequency  except  that  the  response  to  Y-axis 
vibration  exhibits  a sizeable  peak  at  the  lowest  vibration 
frequency  (2  Hz).  At  remaining  vibration  frequencies,  the 
strengths  of  the  responses  to  y and  Z vibrations  are  nearly  equal; 
the  response  to  X-axis  vibration  is  considerably  greater,  however. 
Note  that  the  Y-axis  vibration  is  orthogonal  to  the  direction  of 
control  response;  thus,  the  corresponding  impedance  function 
represents  a form  of  cross-coupling  between  vibration  input  and 
biodynamic  response. 
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Figure  5.  Feedthrough  Impedances  for  Translational  Platform 
Vibration,  Pitch  Tracking  Task 

0 dB  = 1 pound/g  for  transfer  inqpedance 
0 dB  ® 1 pound/inch  for  output  impedance 
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Figure  6 compares  the  transfer  impedances  representing 
feedthrough  from  Y-axis  platform  vibration  to  fore-aft  control 
response  (pitch  tracking  task)  and  side-to-side  control  response 
(roll  tracking  task) . As  expected,  the  strength  of  the  colinear 
response  path  was  greater.  In  addition,  the  output  impedance 
associated  with  roll  tracking  was  substantially  lower  at  most 
measurement  frequencies  than  the  impedance  associated  with  pitch 
tracking. 

Figure  7 compares  feedthrough  impedance  functions  relating 
fore-aft  control  motions  to  X,  pitch,  and  yaw  vibrations  — 
vibration  inputs  that  are  expected  to  couple  directly  to  the 
response.  Frequency  dependencies  for  the  three  impedance 
functions  are  virtually  identical;  the  only  important  difference 
is  in  the  overall  gain  of  the  transfer  impedance.  Figure  8 
shows  a similar  relation  between  impedance  functions  relating 
side-to-side  control  motions  to  Y and  roll  vibration  inputs. 

Comparison  of  the  curves  shown  in  Figure  7 with  those  of 
Figure  8 reveal  consistent  differences  in  feedthrough  impedance 
functions  related  to  longitudinal-axis  vibration  and  control 
and  lateral-axis  vibration  and  control.  The  transfer  impedances 
related  to  longitudinal-axis  inputs  (Figure  7)  are  relatively  flat 
with  frequency  showing  a gradual  decrease  in  amplitude  ratio 
with  increasing  frequency.  The  lateral-axis  transfer  impedances 
shown  in  Figure  8 show  U-shaped  ratios,  with  minimum  transfer  in 
the  frequency  range  of  3-5  Hz. 

The  output  impedances  differ  in  the  manner  observed 
earlier  in  Figure  6.  The  longitudinal-axis  impedance-^  increase 
asymptotically  with  frequency  at  about  40  dB  per  decade,  whereas 
the  lateral-axis  output  impedance  seem  to  asymptote  (at  least  in 
the  measurement  range)  to  an  increase  with  frequency  of  20  dB 
per  decade. 
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Figure  7.  Feedthrough  Impedances  for  X,  Pitch,  and  Yaw 
Platform  Vibrations,  Pitch  Tracking  Task 
0 dB  “ 1 pound/g  for  transfer  impedance  for 
translational  platform  vibration 
0 dB  “ 1 pound/ (rad/sec) 2 for  transfer  impedance 
for  rotational  platform  vibration 
0 dB  =>  1 pound/ inch  for  output  impedance 
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Figure  8.  Feedthrough  Impedances  for  Y and  Roll  Platform 
Vibrations,  Roll  Tracking  Task 
0 dB  = 1 pound/g  for  transfer  impedance  for 
translational  platform  vibration 
0 dB  = 1 pound/ (rad/sec2)  for  transfer  impedance 
for  rotational  platform  vibration 
0 dB  = 1 pound/inch  for  output  impedance 
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These  results  imply  that  the  mechanical  impedance  of  the 
biomechanical  linkage  as  seen  from  the  location  of  the  stick 
:.s  approximately  an  inertia  for  fore-aft  motions  and  viscous 
damping  for  left-right  motions.  Differences  in  these  impedances 
are  not  unexpected,  as  different  masses,  inertias,  pivot  points, 
and  neuromuscular  systems  are  involved  for  different  motions. 
Operationally,  the  lower  output  impedance  found  for  the  roll 
axis  implies  that  vibration  feedthrough  will  be  greater  in 
this  axis  for  relatively  free-moving  control  sticks,  especially 
at  the  higher  vibration  frequencies. 


These  results  are  generally  consistent  with  the  results 
of  Allen,  Jex,  and  Magdaleno,  who  found  that  maximum  biomechanical 
response  occurred  at  lower  frequencies  for  lateral-axis  coupling 
than  for  couplings  along  other  axes  [1].  Nevertheless,  the 

feedthrough  response  to  Z-axis  platform  vibration  differs  some- 
what from  the  response  behavior  observed  in  earlier  studies. 

Figure  9 compares  feedthrough  impedances  for  three  successive 
studies  of  vibration  and  tracking,  including  this  study  (the 
"subject  study").  The  transfer  impedances  observed  in  tne  two 
earlier  studies  showed  a distinct  resonance  in  the  vicinity  of 
7 Hz,  whereas  the  transfer  impedance  measured  in  the  subject 
study  is  nearly  uniform  with  frequency.  The  output  impedances 
all  show  the  same  high-frequency  changes  with  frequency,  although 
there  appear  to  be  some  differences  in  scale  factor. 
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The  reasons  for  the  differences  shown  in  Figure  9 are  not 
clear.  The  biomechanical  configuration  was  essentially  the  same 
for  all  three  studies,  and  the  data  shown  in  this  figure  correspond 
to  nearly  identical  vibration  conditions.  The  known  differences 
were  (1)  stick  electrical  gain,  (2)  magnitude  of  the  tracking 
input,  and  (3)  subject  population.*  Experimental  parameters  for 
the  three  studies  are  compared  in  Table  7. 

It  is  possible  that  stick  gain  and  tracking  input  influence 
the  way  the  subject  grips  the  control  stick;  otherwise,  it  is  not 
clear  how  these  variables  would  affect  feedthrough  impedances,  as 
they  do  not  relate  directly  to  the  mechanical  coupling  between 
platform  and  control  input.  Because  stick  feedthrough  response 
is  highly  variable  from  sub ject-to-subject  (much  more  so  than 
tracking  response) , differences  in  subject  populations  may 
account  for  some  of  the  differences.  Figure  10  shows  that  the 
transfer  impedances  for  subjects  showing  maximal  and  minimal 
stick  feedthrough  in  the  subject  study  differed  by  close  to  10  dB 
at  the  higher  vibration  frequencies.  Neither  subject,  however, 
showed  the  same  resonance  phenomena  observed  in  the  preceding 
studies.  We  cannot,  therefore,  attribute  the  observed  response 
differences  to  a particular  set  of  experimental  factors  with  a 
high  degree  of  confidence,  and  we  suggest  that  a controlled 
experiment  be  performed  to  systematically  explore  the  effects  of 
task  parameters  such  as  control  gain,  display  gain,  and  tracking 
input  amplitude  on  feedthrough  impedances, 

^Stick  location  (center  or  side)  also  differed  across  studies. 
However,  the  study  of  Levison  and  Houck  [ 4 ] showed  that  stick 
location  had  little  effect  on  stick  feedthrough. 
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Figure  9.  Feedthrough  Impedances  for  Z-Axis  Vibration  from 
Three  Study  Programs 

0 dB  *■  1 pound/g  for  transfer  impedance 
0 dB  > 1 pound/inch  for  output  impedance 
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Figure  10.  Feedthrough  Impedances  for  Two  Subjects,  Z-Axis 
Platform  Vibration,  Pitch  Tracking  Task 

0 dB  * 1 pound/g  for  transfer  impedance 

0 clB  = 1 pound/inch  for  output  impedance 
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3.1.3  Shoulder  Transmissibility 


Selected  shoulder/platform  describing  functions  are  given 
in  Figures  11  through  15.  Since  the  axis  of  tracking  had  negli- 
gible effect  on  shoulder/platform  transmissibility,  all  describing 
functions  shown  in  chese  figures  have  been  computed  fiom  data 
obtained  during  pitch-axis  tracking.  A complete  set  of  describing- 
function  data  for  shoulder  and  elbow  response  are  contained  in 
Tables  A4-A7  in  the  Appendix. 

Figure  11  shows  the  direct-coupled  transfers  for  trans- 
lational platform  accelerations.  X-  and  Z-axis  transmissibilities 
are  largely  similar  in  form  and  show  a modest  resonance  effect 
in  the  region  of  3-5  Hz,  with  the  X-axis  transfer  showing  greater 
overall  magnitude.  The  Y-axis  response,  on  the  other  hand,  is 
greatest  at  the  lowest  vibration  frequency  (2  Hz)  and  decreases 
with  increasing  frequency. 

Except  for  the  dip  in  the  Y-axis  amplitude  ratio,  the 
trends  of  the  Y-  and  Z-axis  results  agree  with  the  results 
obtained  in  an  earlier  study  of  lateral  and  vertical  vibration 
[1]  . Because  the  Y-axis  response  was  obtained  by 
subtracting  two  describing  functions  frora  a third  (see  Section 
2.4.2  ),  the  dips  in  Figure  11  are  suspect  and  may  reflect 
errors  incurred  in  subtracting  quantities  that  are  very  close 
in  magnitude. 

Shoulder-X/Pitch  and  shoulder-Y/Roll  describing  functions 
are  given  in  Figure  12.  Except  for  a sizeable  difference  in 
scale  factor,  these  transfers  are  similar  in  form  to  the  Shoulder-X/X 
and  Shoulder-Y/Y  describing  functions  shown  in  the  preceding  figure. 


Figure  11.  Shoulder/Hatforra  Describing  Functions  for 
translational  Platform  Vibration 

0 dB  = 1 g/g 
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STirP  STICK  SPRING  STICK 


Figure  12.  Shoulder/Platform  Describing  Functions  for  Rotational 
Platform  Vibration 

0 dB  « 1 g/(rad/sec2) 
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Direct-  and  cross-coupled  describing  functions  relating 
each  axis  of  shoulder  response  to  each  translational  axis  of 
platform  vibration  are  shown  in  Figure  13  through  15.  The 
magnitudes  of  the  transfers  are  greatest  for  the  direct-coupled 
transfers  for  X-  and  Z-axis  vibration  inputs,  which  findings 
support  the  conclusion  that  direct-coupled  response  paths  have 
a higher  degree  of  linear  correlation  than  cross-coupled  paths. 

Y-axis  platform  vibration,  on  the  other  hand,  appears  to 
introduce  about  as  much  platform-correlated  response  in  the  X- 
axis  as  in  the  Y-axis.  Apparently,  Y-axis  vibration  causes  a 
twisting  motion  of  the  torso,  which  results  in  both  X-  and  Y-axis 
shoulder  acceleration.  (The  twisting  motion  was  most  likely 
caused  by  the  fact  that  one  of  the  subject's  hands  was  anchored 
to  the  side-mounted  control  stick,  whereas  the  other  was  free 
to  move  about . ) 

3.2  Tracking  Behavior 

3.2.1  Rms  Performance  Scores 

The  effect  of  vibration  on  rms  error  and  control  scores 
are  shown  in  Figures  16  and  17  for  the  pitch-axis  and  roll-axis 
tracking  tasks,  respectively.  Tabulated  scores  are  given  in 
Table  A8  of  the  Appendix. 

The  effects  of  vibration  on  error  scores  were  relatively 
small,  (maximum  increase  of  about  20%).  As  found  in  previous 
studies  [ 1-4  ] , vibration-static  differences  were  greater  for 
the  stiff-stick  configuration.  X+pitch  and  pitch  platform 
vibration  induced  the  greatest  increase  in  rms  error  for  the 
pitch-axis  tracking  task,  whereas  all  three  vibration  conditions 
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PHASE  SHIFT  (DEG)  AMPLITUDE  RATIO  ( DB) 


FREQUENCY  (RAD/SEC)  FREQUENCY  ( RAD^SEC) 


Figure  13.  Shoulder/Plat form  Describing  Functions  for  X-Axis 
Platform  Vibration 

0 dB  » 1 g/g 
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AMPLITUDE  RATIO  ( DB) 


Figure  15.  Shoulder/Pla+  '"Tn  Describing  Functions  for  Z-Axis 
Platform  Vibr  on 

0 dB  = 1 g/g 


40 


WHL-370 


RMS  CONTROL  { Volts)  RMS  ERROR  (Volts) 


WHL-: 


explored  for  the  roll-axis  task  (Y+roll,  roll,  and  yaw)  had  roughly 
the  same  effect. 

Because  of  the  greater  degree  of  stick  feedthrough 
associated  with  the  stiff-stick  configuration,  the  influence  of 
vibration  on  rras  control  score  was  greater  for  this  control 
configuration.  Greatest  effects  were  found  for  the  X+pitch  and 
pitch  vibration  conditions  (pitch  tracking  task)  and  for  the 
Y+roll  and  roll  vibration  conditions  (roll  tracking  task) . 

These  results  are  consistent  with  the  trends  observed  for  stick 
feedthrough  and  shoulder  transmissibility . 

Table  8 summarizes  the  results  of  t-tests  on  vibration/ 
static  differences  for  each  tracking  task  (Tables  8a  and  8b) , 
as  well  as  tests  conducted  on  differences  between  pitch  tracking 
and  roll  tracking  for  a given  vibration  condition  (Table  8c) . 

For  the  stiff-stick  configuration,  all  of  the  vibration/static 
differences  in  rms  control  were  significant,  as  were  most  of  the 
differences  in  rms  error.  The  effects  of  vibration  on  control 
score  were  also  generally  significant  for  the  spring-stick  confi- 
guration, although  changes  in  rms  error  were  largely  not  signi- 
ficant for  this  configuration. 

In  the  static  condition,  performance  on  the  roll-axis 
tracking  task  was  not  significantly  different  from  performance 
on  the  pitch-axis  task.  Differences  across  task  were  generally 
significant  in  vibration  environments,  however.  Inspection  of 
Figures  16  and  17  show  that  roll-axis  scores  were  generally 
greater  than  corresponding  pitch-axis  scores  for  the  vibration 
conditions  common  to  both  tracking  tasks  (Y+roll,  roll,  and  yaw). 
This  trend  was  expected,  since  the  side-to-side  control  motions 
required  for  roll-axis  tracking  were  more  highly  coupled  to  the 


43 


Table  8 

Results  of  T-Tests  of  Tracking  Scores 


Vibration 

Condition 

Stiff 

Error 

Stick 

Control 

Spring  Stick 

Error  j Control 

a)  Effect  of  Vibration.  Pitch  Task 


X 

.001 

.00: 

Y 

- 

.oo: 

Z 

.001 

.01 

Roll 

- 

.oo: 

Pitch 

.001 

• 

o 

o 

Yaw 

i 

.05 

.oo: 

.05 

.001 


b)  Effect  of  Vibration,  Roll  Task 


Y 

Roll 

Yaw 


c)  Effect  of  Tracking  Task  (Pitch  vs  Roll) 


Static 


.001 

.001 


Y 

Roll 

Yaw 


.01 

.001 

.001 


% 


platform  motions  than  the  fore-aft  motions  required  for  pitch-axis 

if 

tracking. 

Figure  18  shows  that  rms  tracking  error  tended  to  increase 
with  rms  shoulder  acceleration.  (These  results  are  for  the  stiff- 
stick  configuration.)  This  trend  supports  the  hypothesis,  proposed 
in  an  earlier  study  [ 4 ] , that  shoulder  acceleration  is  an  important 
fjactor  in  performance  degradation  caused  by  whole-body  vibration. 
This  relationship  is  discussed  further  in  Section  3.3. 

3.2.2  Frequency  Response 

Average  frequency-response  measures  for  selected  conditions 
are  given  in  Figures  19  through  21.  These  measures  include  the 
pilot  describing  function  (amplitude  ratio  and  phase  shift)  as 
well  as  the  ratio  of  remnant-related  control  power  to  input- 
correlated  control  power  ( "rem/cor'*)  . Frequency-response  data 
for  all  experimental  conditions  are  contained  in  Tables  A9  and 
AlO  of  the  Appendix. 

The  effects  of  vibration  on  frequency-response  measures 
were  similar  to  those  observed  previously:  (1)  amplitude  ratio 
was  reduced  slightly  at  low  frequencies  and  increased  at  the 
highest  measurement  frequency  of  10.5  rad/sec;  (2)  phase  lag 
increased  at  the  highest  measurement  frequencies,  and  (3)  the 
ratio  of  remnant  to  correlated  control  power  increased.  T- tests 
of  paired  differences  (summarized  in  Tables  All  and  Al2  of  the 
Appendix)  revealed  that  vibration/static  differences  were 
generally  significant  at  the  hiahest  two  measurement  frequencies. 
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Figure  20.  Effect  of  Lateral-Axis  Platform  Vibration  on  1 

Pilot  Frequency  Response,  Pitch  Tracking  Task  j 
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REM/COR  ( DB)  PHASE  SHIFT  ( DEG)  AMPLITUDE  RATIO  ( DB) 
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FREQUENCY  ( RAD/SEC)  FREQUENCY  ( RAD/SEC) 


Figure  21.  Effect  of  Lateral-Axis  Platform  Vibration  on 
Pilot  Frequency  Response,  Roll  Tracking  Task 
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A comparison  of  Figure  20  with  Figure  21  shows  that 
lateral-axis  vibration  inputs  had  a greater  effect  on  pilot 
frequency  response  for  the  roll-axis  tracking  task  than  for 
the  pitch  task,  especially  at  the  higher  measurement  frequencies. 
T-tests  showed  that  many  of  these  differences  were  statistically 
significant  (Table  A13) . Thus,  vibration  inputs  in  the  axis  of 
control  response  appear  to  have  a greater  influence  on  pilot 
response  behavior  than  do  vibration  inputs  acting  orthogonally 
to  the  axis  of  control  response.  This  effect  is  in  addition  to 
the  greater  feedthrough  associated  with  colinear  vibration  inputs 
and  has  implications  concerning  the  relationship  between  pilot- 
related  model  parameters  and  biodynamic  response,  as  discussed  in 
Section  3.3. 

3.2.3  Comparison  with  Previous  Studies 

Z-axis  vibration  had  less  of  an  influence  on  tracking  per- 
formance than  did  similar  vibration  environments  in  previous 
studies.  The  influence  of  feedthrough  was  expected  to  be  less 
because  of  the  larger  rms  tracking  input  used  in  the  subject 
study.  With  the  effects  of  feedthrough  discounted,  however, 
performance  decrements  were  still  less  for  this  study. 

Figure  22  compares  the  ratio  of  rms  performance  in  a vibra- 
tion setting  to  performance  in  the  static  case  for  three  study 
progra.TiS.  In  order  to  allow  a comparison  of  tracking  capabilities 
that  is  not  confounded  by  the  direct  effects  of  biomechanical 
feedthrough,  ratios  are  based  cn  performance  scores  that  have 
been  adjusted  to  remove  the  influence  of  stick  feedthrough.  All 
data  pertain  to  similar  Z-axis  vibration  environments  and  similar 
stick  configurations.* 

Electrical  stick ~gain  was  varied  from  study- to-study,  but  spring 
constants,  damping  ratios,  and  stick  masses  were  roughly  the  same. 
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These  results  do  not  support  the  model  that  has  recently 
been  proposed  for  describing  the  effect  of  vibration  on  pilot- 
related  model  parameters  [4].  In  this  model,  both  time 

delay  and  motor  noise/signal  ratio  are  assumed  to  vary  linearly 
with  rms  shov  ’’e'-  acceleration.  Since  the  biodynamic  environment 
was  the  sam*?  ■ chu  three  studies  compared  in  Figure  22,  time 
delay  and  motor  noise  should  be  invariant,  and  tracking  per- 
formance > discounting  the  effects  of  stick  feedthrough)  should 
be  nearly  identical.  In  order  to  account  for  the  results  shown 
in  Figure  22,  a revised  model  for  relating  vibration  parameters 
to  tracking  model  parameters  has  been  proposed  and  tested,  as 
described  below. 

3.3  Model  Analysis 

3.3.1  Model  Structure 


Model  analysis  was  applied  to  experimental  results  obtained 
in  the  subject  study  as  well  as  in  earlier  studies  to  determine 
a consistent  way  of  relating  tracking  performance  to  vibration 
parameters.  The  model  used  in  this  effort  consists  of  two 
major  submodels:  a biodynamic  model  to  predict  limb  and  body 
motion  resulting  from  vibration,  and  a pilot/vehicle  model  to 
1 redict  tracking  performance.  A third  submodule  --  the  "interface" 
module  — relates  changes  in  pilot-related  tracking  parameters  to 
biodynamic  response.  This  model  is  similar  to  the  models  use  in 
recent  studies,  the  only  difference  being  in  the  interface  module. 

The  key  element  of  the  model  is  the  "optimal-control"  model 
for  pilot/vehicle  systems  developed  by  BBN  [6,7].  This  model  relates 
system  performance  and  pilot  response  to  elements  of  the  control 
system  such  as  plant  dynamics,  control-stick  properties,  and 
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external  tracking  disturbances.  The  effects  of  vibration  are 
represented  partly  as  a direct  control  input  resulting  from 
direct  biomechanical  coupling  to  the  platform  and  as  changes 
in  values  assigned  to  pilot-related  parameters  of  the  basic 
pilot/vehicle  model. 

A diagram  of  the  model  structure  is  shown  in  Figuj.e  23. 

For  simplicity  of  exposition,  we  consider  a single-input,  single- 
output control  system  subject  to  vibration  disturbances  in  a 
single  axis.  This  model  can  be  readily  extended  to  include 
multi-input,  multi-output  systems.  The  reader  is  referred  to 
the  literature  for  examples  of  application  of  the  optimal-control 
pilot/vehicle  model  to  complex  control  situations  [8-11] . 

The  pilot  is  assumed  to  observe  a compensatory  display  of 
tracking  error  and  to  manipulate  a single  control  stick.  Because 
the  pilot  will  generally  extract  velocity  as  well  as  displacement 
information  from  toe  error  indicator,  tracking  error  is  shown  in 
Figure  23  as  a vector  quantity.  The  system  is  assumed  to  be  dis- 
turbed by  one  or  more  zero-mean  Gaussian  random  processes  "i" 
which  we  designate  as  "tracking  inputs"  to  differentiate  from 
vibration  inputs.  In  laboratory  situations,  tracking  inputs  are 
usually  added  in  parallel  with  the  pilot's  control  (to  simulate 
wind  gusts  acting  on  the  vehicle,  for  example)  or  in  parallel 
with  the  vehicle  output  (i.e.,  as  a command  input). 

We  consider  the  control  input  "6"  to  be  the  Siam  of  two 

components;  6^,  the  control  input  that  is  intended  to  minimize 

tracking  error,  and  6^,  an  input  correlated  with  the  platform 

vibration  input  a that  results  from  biomechanical  vibration 

P 

feedthrough.  The  signal  6^  includes  both  the  response  to  the 
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Figure  23.  Diagram  of  the  Model  Structure 
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tracking  error  as  well  as  wlde-band  stochastic  behavior  (i.e., 
"pilot  remnant") . The  control  signal  "u"  that  is  actually 
generated  by  the  pilot  is  converted  to  the  electrical  input  "5^" 
in  a manner  determined  by  the  mechanical  and  electrical  proper- 
ties of  the  control  device. 


Pilot  randomness  is  represented  by  a set  of  observation 
and  motor  noise  processes.  The  pilot's  perceptions  of  error 
t^tsplacemgJ3it  and  error  rate  are  assumed  to  be  perturbed  by 
white  noise  processes  v^,  and  an  additional  motor  noise  process 
v^  is  assumed  to  perturb  control  activity.  Other  pilot-related 
limitations  include  an  effective  processing  delay  ("time  delay" 
in  Figure  23)  associated  for  convenience  with  sensory  inputs  and 
a first-order  low-pass  filter  ("motor  lag")  applied  to  the  pilot's 
control  response.  Within  the  constraints  imposed  by  the  pilot's 
perception  of  the  task  and  by  the  limitations  mentioned  above, 
the  pilot  will  adapt  his  control  strategy  to  achieve  best 
performance. 


Unlike  the  pilot/vehicle  model,  which  utilized  state- 
variable  (i.e.,  time-domain)  descriptions  of  system  behavior, 
the  necessity  to  rely  on  empirical  frequency-response  data 
dictate*  that  the  biodynamic  submodule  be  formulated  in  the 
frequency  domain.  Predictions  of  rms  biodynamic  response  power 
(e.g.,  vibration-correlated  control  input,  shoulder  acceleration, 
etc.)  were  performed  by  integratii»g  the  following  type  of 
expression  in  the  frequency  domain; 


(2) 
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where  is  the  mean-squared  response  of  the  biodynamic  variable 


n „i) 
* » 


X/Op  is  the  empirically-determined  describing  function 


to  platform  vibration,  and  ^ is  the  spectral 

P P 


relating 

density  of  the  platform  vibration.  (For  sum-of-sines  vibration 
inputs,  integration  was  replaced  by  summation.) 


In  the  case  of  stick  feedthrough,  the  control/platform 
transfer  function  was  replaced  by  the  impedance  model  of  equation 
(1),  and  control  and  error  variances  arising  from  vibration 
feedthrough  were  predicted  as  follows: 
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where  Y is  the  transfer  function  of  the  plant  dynamics, 
o 

Considerable  testing  oi  model  predictions  against  experi- 
mental results  was  required  to  find  a consistent  relationship 
between  pilot  parameters  and  biodynamic  response  parameters  that 
would  account  for  the  results  obtained  in  three  consecutive 
studies  (including  the  subject  study).  The  model  developed  in 
the  preceding  study  [ 4 ] - that  of  linearly  relating  motor 
noise/signal  ratio  and  time  delay  to  shoulder  acceleration  — did 
not  provide  a consistent  match  to  the  results  of  that  study  and 
of  the  subject  study.  Scale  factors  that  matched  the  earlier 
results  yielded  predicted  error  and  control  scores  for  the 
subject  study  that  were  substantially  larger  than  u.iOse  obtained 
experimentally. 
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This  interface  model  was  then  modified  to  let  motor  noise 


covariance  (rather  than  noise/signal  ratio)  vary  linearly  with 
rms  shoulder  acceleration.  The  revised  model  also  failed  to 
provide  accurate  performance  predictions  across  studies.  Finally, 
the  following  relationships  were  found  to  provide  consistently 
accurate  performance  predictions  for  the  various  stiff-stick 
experimental  conditions  explored  in  these  studies; 


T = 0.15  + 0.1  • (a  /a  ) 

s u 

(5) 

= 0.02  . (Ug/a^) 

where  T is  the  effective  pilot  time  delay  in  seconds,  is  the 
autocovariance  of  the  (white)  injected  motor  noise  process, 
is  rms  shoulder  acceleration  in  g's,  and  is  the  predicted 
rms  control  force  in  pounds.  The  coefficients  of  0.1  and  0.02 
shown  in  the  above  relationship  are  empirical  findings  and  have 
no  clear  theoretical  meaning. 


If  we  assume  that  neuromotor  disturbances  (other  than  stick 
feedthrough)  are  related  to  shoulder  (or  limb)  vibration,  then 
a parallel  can  be  made  between  the  form  of  the  relationships 
shown  above  and  our  model  for  visual  thresholds.  The  threshold 
model  is  such  that  injected  observation  noise  increases  as  the 
rms  variation  of  the  corresponding  display  variable  decreases 
relative  to  the  assumed  threshold  [8,  11].  Similarly,  equation 

(5)  implies  that  the  adverse  effects  of  vibration  increase  as  the 
neuromotor  disturbance  (signified  by  shoulder  acceleration) 
increases  relative  to  the  "signal"  (signified  by  the  control 
activity  generated  in  tracking) . Conversely,  this  model  implies 
that  the  effects  of  vibration  can  be  reduced  by  manipulating  the 
control  gain  and/or  the  tracking  signal  so  as  to  increase  the 
control  forces  required  for  tracking. 
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The  interface  model  described  by  equation  C5)  has  been 
validated  only  for  control  situations  using  a nearly  isometric 
control  stick.  As  discussed  below,  modifications  will  be 
required  to  model  the  effects  of  vibration  when  control  sticks 
of  relatively  low  force/displacement  ratios  are  employed. 

3.3.2  Mode 1 Validation 


The  model  described  above  was  used  to  test  the  interface 
submodel  described  in  equation  (5)  across  a variety  of  experi- 
mental conditions.  A second-order  model  of  the  pilot/stick 

interface  was  included  in  the  description  of  the  tracking 

\ 

task,  as  show'n  in  Figure  24.  (The  force  variable  "F"  shown 
in  this  diagram  corresponds  to  the  control  variable  "u"  of  the 
model  of  Figure  2.) 

The  following  pilot-related  model  parameters  were  used  for 
all  tests  of  the  model: 

2 2 

a.  Cost  functional  = 9 where  "g"  is  selected 

to  yield  a "motor  time  constant"  of  0.1  seconds. 

b.  Observation  noise/signal  ratio  = -21  dB. 

c.  Threshold  of  error  perception  = 0.07  volts;  threshold 
on  error-rate  perception  = 0.28  volts.* 

d.  Time  delay  and  motor  noise  determined  according  to  the 
model  of  equation  (5)  . 

*These  thresholds  correspond  to  visual  thresholds  of  0.05  arc 
degrees  and  0.2  arc  degrees/second  for  displacement  and  rate 
perception. 
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I > Tracking  Disturbance,  volts 

E ■ Tracking  Error,  volts 

C = Control  Input,  volts 

P ■ Applied  Force,  pounds 

K ■ Electrical  Stick  Gain,  volts/inch 
e 

K ■ Spring  Gradient,  pounds/lnch 

S 

B ■ Stick  Damping,  pounds/ (in/sec) 

8 

Combined  Mass  of  Stick  and  Forearm,  pounds 


Figure  24.  Linear  Flow  Diagram  of  the  Tracking  Task 
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Parameters  for  the  pilot/stick  interface  (stif f-sUick  configuration) 
were: 

Kg  = 117  volts/inch 

Kg  = 130  pounds/inch 

B = 0.0103  pounds/ (inch/second) 

S 

M,j,  = 15  pounds 

Values  for  the  first  three  of  these  parameterr  were  obtained  from 
either  adjustment  or  measurement  of  the  properties  of  the  control 
stick.  The  value  of  15  pounds  associated  with  the  effective  mass 
of  the  pilot/st.V'k  interface  wcs  selected  on  the  basis  of  previous 
modeling  results  in  which  this  value  was  found  to  provide  an 
acceptable  match  to  both  stiff-stick  and  spring-stick  performance 
measures  [ 4 ] . 

Predicted  rms  shoulder  acceleration  was  computed  by  per- 
forming the  frequency-domain  integration  indicated  in  equation  (2) 
for  each  of  tho  three  translational  axes  of  shoulder  response, 
then  taking  a vector  combination  of  these  results  to  yield  total 
rms  acceleration.  Thus,  the  predicted  rms  shoulder  accelerations 
used  in  the  interface  model  of  equation  (5)  were  less  than  the 
accelerations  determined  experimentally,  since  only  vibration- 
correlated  response  was  considered.  Correlations  between  axes  of 
platform  vibration  were  considered  when  predicting  the  effects  of 
simultaneous  vibration  in  two  axes,  as  described  in  [5], 


Figure  25  compares  predicted  and  measured  rms  error  and 
control  score  for  the  static  situation  (pitch-axis  tracking)  and 
for  four  additional  vibration/tracking  conditions.  These  scores 
represent  the  combined  effects  of  tracking  plus  stick  feedthrough. 
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RMS  CONTROL  (Volts)  RMS  ERROR 


Brackets  indicate  plus  and  minus  one  standard  deviation  about 
the  experimental  mean. 

Experimental  conditions  represented  in  Figure  25  include 
the  condition  yielding  maximal  effects  of  vibration  (X+pitch 
vibration)  and  as  well  as  two  conditions  having  intermediate 
effects  (Z  and  roll  vibration) . Predicted  error  and  control 
scores  reproduced  the  trend  of  the  experimental  results  quite 
well  and  in  all  cases  were  within  one  standard^deviation  of 
the  experimental  mean.  Therefore,  the  relationship  between 
pilot  parameters  and  biodynamic  response  given  in  equation  (5) 
would  appear  to  be  independent  of  the  axis  of  platform  vibration, 
at  least  for  the  pitch-axis  tracking  task. 

Figure  26  compares  predicted  and  experimental  performance 
scores  for  three  experimental  studies  of  Z~axis  vibration,  using 
the  same  set  of  model  parameters.  Again,  model  results  follow 
the  trend  of  the  experimental  data  and  are  within  one  standard 
deviation  of  the  experimental  mean.  Since  the  experimental 
conditions  explored  in  the  three  studies  employed  different 
control  gains  and  different  tracking  amplitudes,  these  results 
provide  a good  test  of  the  relationships  shown  in  equation  (5) 
relating  pilot  parameters  to  control  force. 

Predicted  and  measured  frequency-response  measures  are 
compared  in  Figure  27.  Static  and  X+pitch  results  are  shown  in 
Figure  27a  for  the  pitch  tracking  task;  Figure  27b  compares 
measures  obtained  in  the  static  environment  (roll  tracking  task) 
with  measures  obtained  in  the  roll-axis  vibration  environment  for 
both  pitch  and  roll  tracking  tasks.  The  model  results  reproduce 
the  following  effects  of  vibration  found  in  the  experimental  data: 
fl)  amplitude  ratio  at  the  highest  measui -ment  frequency  increases 
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relative  to  amplitude  ratio  measurements  at  lower  frequencies; 

(2)  high-frequency  phase  lag  increases;  the  ratio  of  remnant- 
related  to  input  correlated  power  increases,  especially  at  the 
highest  measurement  frequencies. 

The  model  does  not  match  all  of  the  details  of  the 
measured  response,  however.  The  model  predicts  the  same  response 
behavior  for  both  pitch-axis  and  roll-axis  tracking  behavior  when 
the  pilot  is  subjected  to  roll-axis  platform  vibration  even  though 
experimental  results  show  a (statistically  significant)  greater 
performance  degradation  for  the  roll-axis  tracking  task.*  This 
result  suggests  that  the  interface  model  of  equation  (5)  might 
yield  more  accurate  predictions  if  the  directional  aspects  of 
shoulder  and/or  limb  vibration  are  considered.  Further  study 
is  required  to  determine  whether  or  not  directional  effects  are 
important. 

Another  difference  between  model  and  experimental  results  — 
one  that  has  been  found  consistently  in  previous  studies  as  well 
l3,4]  — is  that  the  predicted  amplitude  ratio  is  lower  than  the'* 
measured  ratio  under  vibration  conditions.  Manipulation  of  the 
pilot-related  model  parameters,  using  the  formulation  of  the 
pilot  model  described  in  the  literature  [6,7],  does  not  allow 
us  to  match  this  nspect  of  pilot  response  behavior  and  simul- 
taneously match  other  performance  measures.  Preliminary  inves- 
tigation with  revised  model  formulations  has  indicated,  however, 
that  the  pilot's  amplitude  response  to  vibration  can  be  better 
matched,  without  sacrificing  model  matching  along  other  dimensions, 
if  we  assume  tnat  the  pilot  does  not  have  the  correct  perception 


*Stick  feedthrough,  which  depends  strongly  on  the  relation  between 
the  direction  of  vibration  and  the  direction  of  control  response, 
influences  error  and  control  scores  but  is  assumed  to  have  no 
appreciable  effect  on  tracking  sti'ategy . 
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of  the  system  control  gain*  Specifically,  if  we  allow  the 
(mathematical)  pilot  to  assume  that  the  control  gain  is,  say 
1-2  dB  lower  than  actual,  the  predicted  pilot  gain  will  be 
correspondingly  increased.  These  results  suggest  that  the 
presence  of  vibration  impedes  the  pilot's  ability  to  identify 
the  control  system.  Further  study  is  needed  to  determine 
whether  or  not  a consistent  rule  for  adjusting  the  pilot's 
estimate  of  control  gain  can  be  found  to  match  the  data 
obtained  over  the  recent  series  of.  experiments. 

The  interface  model  of  equation  (5)  was  applied  to  selected 
spring-stick  experiments,  but  it  did  not  provide  an  adequate  match 
to  experimental  results.  In  particular,  the  inverse  relation 
between  model  parameters  and  control  force  seemed  to  be  in- 
appropriate. Accordingly,  subsequent  investigations  were  made 
with  a revised  interface  model  in  which  parameters  varied 
inversely  with  predicted  control  displaaement . Contract  resources 
were  not  sufficient  to  test  this  revised  model  thoroughly,  but 
preliminary  results  were  encouraging. 


*A  modified  version  of  the  optimal-control  pilot/vehicle  model 
has  been  developed  and  implemented  to  allow  the  pilot  to  have 
an  incorrect  "internal  model"  of  the  control  system  [12] . 


4.  SUMMARY  AND  RECOMMENDATIONS 


A series  of  experiments  was  performed  to  explore  bio- 
dynamic response  and  tracking  performance  in  various  whole- 
body  vibration  environments.  The  primary  experimental  variable 
was  the  direction  of  the  vibration:  X+pitch,  Y+roll,  Z,  roll, 
pitch,  and  yaw.  Tracking  axis  (pitch  or  roll)  and  control-stick 
spring  constant  were  additional  experimental  variables.  Data 
from  these  experiments  were  analyzed  to  derive  engineering 
descriptions  of  biodynamic  response  and  tracking  behavior,  and 
a model  was  developed  to  relate  tracking  performance  to  biodynamic 
response  parameters. 

The  principal  results  of  this  study  may  be  summarized 
as  follows: 

Effects  of  Vibration  Axis.  Vibration  inputs  causing 
front-back  body  motion  (X+pitch,  pitch)  produced  the 
greatest  total  rms  shoulder  acceleration,  the  greatest 
amount  of  stick  feedthrough,  and  the  greatest  increase 
in  tracking  error.  Z-axis  vibration  had  a smaller 
effect;  Y+roll,  roll,  and  yaw  vibrations  had  still 
smaller  effects. 

Stick  Feedthrough.  Stick  feedthrough  was  represented 
in  terms  of  the  impedance  model  developed  in  earlier 
studies.  The  transfer  impedance  was  relatively 
flat  with  frequency  for  situations  involving  longi- 
tudinal-axis vibration  and  control  response , whereas 
transfer  impedances  involving  lateral-axis  vibration 
and  control  were  U-shaped  over  the  region  of  frequency 
investigated  (2-10  Hz) . Output  impedances  increased 
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asymptotically  with  frequency  at  40  dB/decade  for 
situations  involving  pitch-axis  tracking,  whereas 
the  asyn^totic  increase  was  closer  to  20  dB/decade 
for  roll-axis  tasks. 

Biodynamio  Cvoa a- Coupling . Substantial  cross-coupling 
was  observed  for  Y,  Z,  and  roll  vibration  inputs. 
Greatest  linear  coupling  appeared  to  be  in  the  axis 
of  direct  coupling. 

Effects  of  Stick  Parameters . As  in  earlier  studies, 
stick  spring  constant  had  a substantial  effect  on 
tracking  performance  and  stick  feedthrough.  Feed- 
through, as  well  as  vibration/static  performance 
differences,  were  greater  for  the  stiff-stick 
configuration,  although  tracking  was  better  overall 
for  this  configuration.  For  all  but  Z-axis  vibration, 
changes  in  stick  configuration  introduced  a statis- 
tically significant  change  in  rms  shoulder  acceleration. 

Effects  of  Vibration  on  Tracking.  Vibration  generally 
caused  a statistically  significant  increase  in  tracking 
error  (relative  to  the  static  condition)  for  the  stiff- 
stick  experiments,  whereas  error  was  not  significantly 
affected  in  the  spring-stick  experiments.  In  general, 
rms  control  scores  were  significantly  increased  by 
vibration  for  both  control  stick  configurations. 
Vibration  caused  changes  in  pilot  response  behavior 
similar  to  those  observed  previously:  (a)  pilot  gain 
was  reduced  at  low  frequencies  and  increased  at  the 
highest  measurement  frequency;  (b)  high-frequency  phase 
shift  increased;  and  (c)  the  spectrum  of  the  pilot's 
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''remnant”,  relative  to  input-correlated  power,  increased. 

The  changes  were  greater  when  the  direction  of  vibration 
was  along  the  axis  of  control. 

Modeling.  As  in  previous  studies,  the  effects  of 
vibration  on  tracking  performance  were  modeled  largely 
by  increases  in  pilot  time  delay  and  motor  noise.  The 
submodel  relating  model  parameters  to  biodynamic  response, 
developed  in  the  previous  study,  was  modified  to  allow 
time  delay  and  motor  noise  variance  to  vary  linearly 
with  rms  shoulder  acceleration  and  inversely  with  control 
force.  A single  set  of  model  parameters  provided  a good 
match  to  stiff-stick  results  obtained  in  a number  of 
experimental  studies. 

Despite  the  improved  modeling  capability  developed  in  this 
study,  certain  sistencies  in  the  vibration/tracking  data 

remain  and  warr^  further  investigation.  Feedthrough  impedance 
functions  computed  for  Z-axis  vibration  have  not  been  consistent 
for  the  threa  most  recent  studies  (including  this  one)  conducted 
as  part  of  the  AMRL  long-range  program.  Differing  subject 
populations  and  control  force  requirements  for  the  different 
studies  were  suggested  earlier  as  possible  causes  of  these 
discrepancies . 

A consistent  treatment  of  visual  effects  is  also  lacking. 

In  the  study  of  Levison  and  Houck  [3] , visual  sources  of  vibration- 
related  performance  degradation  were  inferred,  although  they  were 
of  secondary  importance  compared  to  changes  in  time  delay  and 
motor-related  interference.  In  the  succeeding  study  [4],  results 
were  best  modeled  by  the  assumption  of  no  visual-related 
interference. 
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In  order  to  resolve  these  discrepancies,  we  suggest  that 
an  experimental  program  be  conducted  to  explore,  in  a systematic 
fashion  with  a single  set  of  subjects,  variations  in  control 
gain,  display  gain,  and  tracking  input.  Such  a study  should 
provide  definitive  data  for  determining  the  importance  of  visual 
effects  and  for  determining  the  source  of  differences  in  feed- 
through characteristics.  Data  would  also  be  provided  for  a 
further  test  of  the  vibration/tracking  interface  submodel  developed 
in  this  study,  both  for  spring-stick  as  well  as  stiff-stick  confi- 
gurations. 

Analysis  of  tracking  performance  in  vibration  has  consistently 
shown  that  measured  changes  in  pilot  gain  are  less  than  those  pre- 
dicted by  the  model  when  a best  overall  match  to  pilot  performance 
is  achieved.  As  noted  earlier,  preliminary  exploration  with  an 
advanced  pilot  model  indicates  that  an  improved  match  can  be 
obtained  if  we  assume  that  the  pilot  underestimates  the  control 
gain  when  subjected  to  vibration.  Accordingly,  we  recommend  that 
an  analytical  study  be  undertaken  to  determine  whether  or  not  the 
data  obtained  from  recent  studies  as  well  as  the  subject  study 
can  be  modeled  in  this  manner,  and,  if  so,  to  find  a consistent 
rule  for  predicting  the  pilot's  estimate  of  the  control  gain. 

No  new  experimental  data  would  be  required  for  this  effort. 
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APPENDIX  : 

SUPPLEMENTARY  DATA 

Table  Al 

Average  RMS  Blodynamlc  Response  Acceleration 


VIBRATION 

■ 

RMS  Acceleration,  g 

CONDITION 

1 

Shoulder-X  Shoulder-Y  Shoulder-Z  Elbow 

(a)  PITCH  TASK,  STIFF  STICK 


X 

■ 

0.69 

■EM 

0.17 

0.28 

Y 

■ 

0.13 

BKBSai 

0.42 

Z 

■ 

0.22 

0.26 

(5:26 

0.41 

ROLL 

■ 

0.16 

0.18 

■EEEBB 

PITCH 

0.64 

0.29 

0.15 

mssm 

YAW 

■ 

0.085 

0.059 

0.030 

0.15 

(b) 

PITCH  TASK,  SPRING  STICK 

X 

■ 

0.55 

0.26 

0.16 

0.32 

Y 

■ 

0.11 

0.12 

0.069 

0.36 

Z 

■ 

0.22 

0.28 

0.26 

0.36 

ROLL 

■ 

0.15 

0.15 

0.071 

0.38 

PITCH 

■ 

0.52 

0.23 

0.13 

0.28 

YAW 

■ 

0.081 

0.049 

0.024 

0.14 

(c) 

ROLL  TASK.  STIFF  STICK 

Y 

■ 

0.12 

0.15 

0.089 

0.46 

ROLL 

■ 

0.16 

0.18 

0 087 

0.37 

YAW 

■ 

0.088 

0.057 

0.032 

0.17 

(d)  ROLL  TASK,  SPRING  STICK 


ROLL 

YAW 


0.11 

0.14 

0.078 


0.14 

0.16 

0.051 


0.073 

0.081 

0.026 


0.43 

0.43 

0.16 


r 


Table  A2 

Average  Control/Platform  Describing  Functions 


VIBRATION 


AMPLITUDE  RATIO  {a3) 
FREQUENCY  (rod/sac) 


1 

12.4 

20.8 

31.4 

44.1 

63.3  1 

I 

(a 

) PITCH  TASK,  STIFF  STICK 

f' 

X 

15.3 

14.2 

15.5 

13.4 

14.8 

i!' 

Y 

9.7 

1.0 

-1.6 

-0.1 

2.9 

i 

Z 

-3.5 

0.5 

-1.1 

-0.9 

5.6 

i 

\ 

ROLL 

-11.4 

-18.1 

-21.0 

-20.7 

-20.6 

PITCH 

-6  5 

-6.0 

-5.4 

-8.3 

-9.2 

F 

K 

YAW 

-12.6 

-16.9 

-16.5 

-16.6 

-17.0 

1 

P 

f 

(b)  PITCH  TASK,  SPRING  STICK 

\ 

X 

9.2 

9.6 

6.3 

-3.5 

-8.2 

\ 

Y 

-7.5 

-7.8 

-17.8 

-24.6 

-32.9 

Z 

-5.9 

-7.2 

-16.5 

-19.2 

-27.8 

ROLL 

-25.9 

-27.5 

-34.0 

-41.9 

-50.3 

1 

PITCH 

-13.9 

-9.6 

-15.0 

-25.4 

-31.7 

1 

YAW 

-20.3 

-21.8 

-26.0 

-34.4 

-41.0 

1 

{ 

c)  ROLL 

TASK,  STIFF  STICK 

I 

Y 

17.7 

3.9 

3.3 

6.2 

10.8 

( 

ROLL 

-4.8 

-15.4 

-21.0 

-17.5 

-13.2 

YAW 

-11.6 

-18.4 

■29.3 

-29.7 

-26.6 

PHASE  SHIFT  (dso) 
FREQUENCY  (rod/iac) 

12.4  I 20.8  I 31.4  I 44,1  | 63.3~ 


(d)  ROLL  TASK,  SPRING  STICK 


ROLL 


YAW 


7.5 

2.6 

2.5 

-1.2 

-2.9 

-14.9 

-17.3 

-20.2 

-24.2 

-27.1 

-20.2 

-23.4 

-27.0 

-44.5 

-50.8 

0 dB  =■  1 volt/g  for  translational  vibration. 

0 dB  = 1 volt/ (rad/sec^)  for  rotational  vibration. 


-21 

-6 

-21 

-26 

-6Q 

136 

88 

130 

124 

104 

198 

185 

146 

187 

106 

132 

98 

99 

94 

77 

0 

-9 

-37 

-48 

-72 

-8 

-27 

-21 

-19 

-28 

' * 


J 


-52 

-66 

-140 

-154 

-192 

139 

45 

-23 

-128 

-178 

-80 

-207 

-325 

-282 

-320 

86 

52 

-25 

-89 

-157 

-19 

-67 

-154 

-179 

-204 

-62 

-74 

-141 

-149 

-153 

-40 

-100 

1 

-10 

-8 

-44 

-83 

-33 

-19 

-21 

163 

63 

-50 

-172 

101 

-72 

-80 

-106 

-133 

-153 

-77 

-88 

-125 

-143 

-164 

107 

-5 

-166 

-231 

-401 
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Table  A3 

Impedance  Model  for  Stick  Feedthrough 


VIBRATION 

CONDITION 


ROLL 


PITCH 


YAW 


AMPLITUDE  RATIO  (dB) 
FREQUENCY  (rad/tec) 


12.4 

20.8 

31.4 

44.1 

63.3 

12.4 


X 

■US! 

Bin 

im 

Bin 

Y 

SIRS 

■Kl 

nn 

WBB 

mm 

Z 

■nn 

■Ml 

isn 

Ml 

■n 

ROLL 

BIKI 

RRB 

l^nj 

MR 

PITCH 

mm 

BIM 

nBi 

YAW 

mm 

■m 

Bm 

nil 

MHi 

[b)  OUTPUT  IMPEDANCE,  PITCH  TASK 


BM 

Bm 

MB 

BM 

imi 

Bm 

jnBB 

■m 

Mil 

■nn 

Bm 

nn| 

nn 

nn 

■HI 

nn 

BM 

mi 

■HI 

Ben 

15.7 

MR 

nn 

mm 

BRR 

PHASE  SHIFT  (deg) 
FREQUENCY  (rod/iec) 
31.4  I 44.1 


20.8 


(o)  TRANSFER  IMPEDANCE,  FITCH  TASK 


63.3 


nsi 

Mi 

HEral 

nflB 

IM 

liiBfli 

RRB 

Bim 

mm 

im 

■IH 

im 

MR 

im 

IM 

R^l 

mm 

bm 

bbh 

BPB 

BBS 

BM 

MR 

mi 

mm 

n 

■M 

mm 

BM 

BM 

BMB 

nBBi 

BBBB 

BRH 

HH 

nBR 

|nn 

BM 

■M 

lEH 

BM 

IRR 

^Mi 

im 

BM 

RRH 

BM 

■IH 

11^1 

MBB 

■M 

BMI 

nm 

tm 

BM 

RM 

ROLL 


YAW 


ROLL 


YAW 


(c)TRANSFER  If>^EDANCE , ROLL  TASK 


Bnn 

BBn 

3.7 

BHn 

Mn 

mm 

RM 

^nH 

IHI 

IHR 

-10.9 

BHH 

■n 

BM 

BIBH 

MR 

BP|M 

HH 

BM 

|RHi 

■ns 

mS 

HH 

RHRl 

n 

mm 

BBn 

mm 

■IH 

(d) OUTPUT  IMPEDANCE,  ROLL  TASK 


■nn 

■WH 

IHI 

BM 

Bm 

wm 

im 

IHI 

BM 

16.3 

■nn 

ins 

BM 

BRBR 

bm 

MR 

BM 

RH 

BRR 

isnn 

R^R 

IHi 

IHS 

iEH 

nm 

BMB 

im 

mn 

0 dB  = 1 pound/g  for  ti.ansfer  impedance  for  translational 
platform  vibration. 

2 

0 dB  = 1 pound/ (rad/sec  ) for  transfer  impedance  .for 
rotational  platform  vibration. 

0 dB  = 1 pound/ inch  for  output  impedance. 
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Table  A6 


VIBRATION 

CONDITION 


X 


Y 


Z 


ROLL 


PITCH 


YAW 


X 


Y 


Z 


ROLL 


PITCH 


YAW 


Y 


ROLL 


YAW 


Y 


ROLL 


YAW 


Average  Shoulder-Z/Platform  Describing 
Functions 


AMPLITUDE  RATIO  (dB) 
FREQUENCY  (rod/tac; 


1 12.4  1 20.8  31.4  44.1  63.3 

(a)  PITCH  TASK,  STIFF  STICK 

-14.1 

-7.0 

-6.7 

-6.5 

-8  0 

-8.8 

-12  9 

-15.5 

-17.5 

-1.3 

0.5 

_ 1 0 

0.5 

-2.6 

-?q  1 

-28.8 

-.32  8 

-35.1 

-35.8 

-36.1 

-33  a 

-?5 , 6 

-26.0 

-26.5 

-40..  1 

-37.6 

-39.0 

-38.9 

-56.3 

(b)  PITCH  TASK,  SPRING  STICK 

BKIH 

■11 

■III 

-10.9 

-10.1 

-8.9 

Bllfl 

R99 

-1.3 

■mi 

LI 

■H 

-6.0 

-29.9 

SE 

mm 

ran 

ran 

Bill 

wm 

ran 

Bgn 

■11 

HRRI 

-42.7 

-49.0 

(c)  ROLL  TASK,  STIFF  STICK 

-7.1 

-7.9 

-11  L 

-13.7 

-12.9 

-27.7 

-32.  2 

-32.6 

-3: . 8 

jzMJl. 

-38.4 

-38.7 

-47.6 

PHASE  SHIFT  (deg) 
FREQUENCY  (rad/tac) 


314  I 


12.4 


20.8 


44.1 


63.3 


_iL 


M. 


-41 


-122 


Ji2_ 


-1.2JL 


-28 


JiZZ. 


■20 


-32 


JIL 


-.116 


-151 


-196 


-268 


152 

116  . 

33 

-17 

-99 

119 

42 

-33 

-19 

-140 

-2 

-15 

-47 

-74 

-96 

88 

14  . 

-33 

-24 

-27 

115 

96 

20 

-108 

-25 

-84 

-131 

-238 

-403 

105 

38 

ran 

83 

19.  _ 

-4 

1 

-27 

-96 

-152 

-186 

na 

(d)  ROLL  TASK,  SPRING  STICK 


-6.4 

-8.4 

-12.7 

-17.-' 

-29.1 

-27.1 

-28.9 

-34.2 

-38.1 

-37.4 

-39.2 

-.39.4 

-39.2 

-5U.7 

103 

33 

-23 

-72 

84 

16  . 

-19 

-21 

ws 

-28 

-96 

-158 

-218 

-333 

0 dB  * g/g  for  ti-anslational  vibration. 

2 

0 dB  = 1 g/ (rad/sec  ) for  rotational  vibration 


r 


Table  A7 


; i 


VIBRATION 

CONDITION 


ROLL 


PITCH 


YAW 


ROLL 


PITCH 


YAW 


ROLL 


YAW 


Average  Elbow/Platforn  Describing  Functions 


AMPLITUDE  RATIO  (dB) 
FREQUENCY  (rod/sec) 


12,4  1 20.8  31.4 

44.1 

63.3 

(o)  PITCH  TA STIFF  STICK 

-12.6 

-18.8 

-8.3 

-0.5 

2.9 

BH 

0.3 

4.0 

m 

-16.8 

-9.8 

BB 

2.6 

■an 

-18.9 

-21.9 

-22.6 

-20.7 

-17.2 

-31.2 

-33.3 

-29.5 

-22.1 

-22.0 

-32.5 

-31.9 

-43.4 

-28.5 

BE 

(b)  PITCH  TASK.  SPRING  STICK 

-16.0 

-10.6 

-2.5 

-3.4 

-3.0 

5.5 

, 2.3 

0.5 

3.6 

ma 

-14.5 

-9,9 

-2.5 

mi 

QQjQ 

-19.8 

-21.1 

-19.9 

-18.9 

-34.9 

-33.4 

-30.2 

-25.5 

-23.6 

-31.8 

1 

-28.8 

-32.7 

-32.6 

-32.2 

(c)  ROLL  TASK,  STIFF  STICK 

mm 

■QD 

0.9 

5.5 

snn 

-22.6 

-23. 5 

-19.8 

-16.7 

-34.3 

-31.3 

-40.9 

-29.0 

-26.3 

I 12.4 


PHASE  SHIFT  (deg) 
FREQUENCY  (rod/$ec) 


20.8 


31.4 


44.1 


63.3 


-22 

59 

29 

-71 

-229 

-54 

-68 

-55 

-78 

-118 

-..6 

-51 

-89 

-173 

-207 

-67 

-78 

-82 

-96 

-132 

-9 

-40 

-8 

-117 

-240 

139 

89 

-125 

BOI 

-302 

-26 

53 

-49 

mm 

-247 

-60 

-106 

-102 

ssai 

-199 

-111 

-127 

-128 

mm 

-234 

-70 

-116 

-128 

-161 

-216 

1 

-38 

-61 

-140 

-267 

127 

58 

-65 

-240 

-342 

-52 

ma 

-41 

-78 

-108 

-61 

-82 

-66 

-83 

-122 

156 

81 

-113 

mm 

-304 

ROLL 


YAW 


(d)  ROLL  TASK,  SPRING  STICK 


5.8 

2.1 

mm 

n 

nra 

-18.8 

-19.1 

-17.1 

-29.2 

-28 

-39.2 

-30.3 

-30.8 

-65 

-88 

-100 

aiOi 

-173 

-78 

-129 

mm 

-204 

123 

43 

-160 

-252 

-332 

0 dB  = 1 g/g  for  translational  vibration. 

2 

0 dB  = 1 g/ (rad/ sec  ) for  rotational  vibration. 


Table  A8 


r 

I 


Average  RMS  Tracking  Scores 
RMS  Score,  Volts 


VIBRATION 

STIFF 

STICK 

CONDITION 

ERROR 

CONTROL 

STATIC 


X 


Z 


ROLL 


PITCH 


YAW 


0.98 

1.18 

1.20 

1.25 

1.17 

2.18 

1.23 

1.49 

0.98 

1.42 

1.22 

1.32 

1.04 

1.36 

1.24 

1.25 

1.02 

1.40 

1.20 

1.34 

1.15 

1.95 

1.22 

1.42 

1.04 

1.27 

1.22 

1.25 

Table  All 


L 


!: 

5 

E- 

f 

E 

E 

I 

f 


F 

; Significance  of  Vlbratlon/Static  Differences  in  Frequency  Response,  Stiff  Stick 


\ 

VIBRATION 

CONDITION 

AMPLITUDE  RATIO(dB) 
FREQUENCY  (rad/we) 

O.S  1 1.2S  1 3.0  1 6.3  1 10. S 

i 

(o)  PITCH  TASK 

PHASE  SHIFT  Idegf 
frequency  (rod/iec) 

REM /COR  (dB) 

FREQUENCY  (rad/tsc) 

0.5  1 1.25  3.0  6.3  | 10.5 

0.5  1 1.25  1 3.0  1 6.3  | 10.5 

x+pitch 

- 

- 

.05 

.01 

Y+ROLL 

- 

- 

- 

.01 

.001 

7. 

- 

- 

.05 

ns 

wniT 

_ 

05 

m 

PTTrH 

- 

. 

.05 

mi 

- 

- 

- 

- 

- 

JLJ 

Jli 

- 

.01 

.001 

.01 

.01 

0O1 

- 

.01 

- 

- 

.01 

- 

- 

- 

- 

nni 

m 

* 

- 

- 

.. 

.001 

* 

.05 

.001 

- 

- 

.05 

.001 

.001 

.05 

.05 

.001 

- 

- 

.01 

.001 

- 

- 

- 

(b)  ROLL  TASK 


Y+ROLL 

- 

- 

- 

.05 

- 

- 

- 

.01 

.00 

n 

.01 

ROLL 

- 

- 

- 

- 

.01 

•• 

- 

- 

.ol 

n 

• 

• 

.05 

.001 

YAW 

- 

- 

- 

- 

- 

- 

- 

.05 

.001  1 

- 

.05 

- 

* 

.01 

Entries  indicate  level  of  slsnlf icance . 


Table  A12 

Significance  of  Vibration/Static  Differences  in  Frequency  Response,  Spring  Stick 


VIBRATION 

CONDITION 

AMPLITUDE  RATIO! dB) 
FREQUENCY  (rod/iec) 

PHASE  SHIFT  (deg) 

FREQUENCY  (rod/>*c) 

REM /COR  (dB) 
frequency  1 red /MC) 

0.5  1 1.25  1 3.0  1 6.3  10.5 

05  1 1.25  1 3.0  1 6.3  | 10.5 

0.5  1 1.25  [ 3.0  1 6,3  1 10.5 

(o)  PIICH  TASK 


X+PITCH 

.05 

_ 

,05 

.05 

* 

.05 

.01 

.001 

- 

ee 

- 

.01 

Y+ROLL 

- 

- 

- 

- 

- 

- 

- 

- 

.05 

.01 

- 

- 

- 

Z 

- 

-ns 

.ni 

- 

-Ol. 

- 

- 

.05 

■ Qfll 

- 

- 

- 

- 

ROLL 

- 

- 

- 

.05 

- 

.05 

.001 

- 

** 

- 

- 

- 

PITCH 

- 

- 

- 

- 

.05 

- 

- 

- 

.01 

.001 

- 

- 

- 

- 

.05 

YAW 

- 

- 

- 

- 

- 

- 

- 

- 

■ 05 

- 

- 

- 

- 

(b)  ROLL  TASK 


Y+ROLL 

- 

- 

- 

- 

- 

.01 

- 

.05 

.001 

- 

- 

- 

- 

- 

ROLL 

_ 

. 

- 

- 

- 

.001 

- 

.01 

.001 

- 

- 

- 

- 

.05 

YAW 

- 

- 

- 

- 

- 

- 

- 

■ OOL 

- 

- 

- 

- 

.-J5 

Entries  indicate  level  of  significance. 
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